Introduction
The primary objective of a phase 1 oncology trial is to define the recommended phase 2 dose (RP2D) of a new drug or multiagent combination in the sched-ule tested. Although many crucial components make up a phase 1 study, this article will focus on various dose-escalation methods that can be incorporated into such trials. The conventional 3 + 3 design, as described by Storer 1 in 1989, was originally introduced in the 1940s 2 and was among the earliest dose-escalation and de-escalation schemes utilized. However, several concerns have been raised about the quality of the operating characteristics of the 3 + 3 design. Statistical simulations have demonstrated that a trial using the 3 + 3 design identifies the maximum tolerated dose (MTD) in as few as 30% of trials. 3 Furthermore, some argue that this method of dose escalation may result in a high proportion of patients being treated at subtherapeutic doses. 4 Innovative trial designs that offer potentially more superior operating characteristics have been proposed. However, despite these advances, the 3 + 3 dose-escalation method remains the most popular method employed by researchers of phase 1 trials. In a review of more than 1,200 phase 1 studies from 1991 to 2006, more than 98% of trials utilized the 3 + 3 dose escalation scheme. 5 This figure was confirmed in a review of 181 phase 1 trials from January 2007 to December 2008, with more than 96% of trials using the traditional 3 + 3 design or a variation. 6 Given the time frame of these reviews, most of the agents included in these 2 reports were cytotoxic chemotherapeutic agents, 5, 6 with molecularly targeted agents (MTAs) comprising only 18% in the latter report. 6 MTAs are defined as anticancer agents that selectively target molecular pathways, as opposed to DNA, tubulin, or cell division machinery. 7 The recent surge in the development of MTAs has challenged early-phase trial design. Because MTAs were purported to have a more specific therapeutic index on tumor tissue while sparing normal tissue, it was believed that studies of MTAs would have resulted in a shift toward newer methods with less conservative dose escalations. However, in a review of 155 MTA phase 1 trials published between 2000 and 2010, more than 60% of them incorporated the conventional 3 + 3 dose escalation. 8 Logistical simplicity of the 3 + 3 design and clinician familiarity with the escalation rules may explain this observation and preclude the transition to novel designs on a larger scale. Moreover, it is not clear whether the advantages offered by newer methodologies are negated by their complexity and difficulty to implement. This article will review the current phase 1 trial design landscape and evaluate which dose-escalation methods are optimal for determining dose and safety in an efficient manner, in addition to addressing several challenges faced by modern phase 1 trials.
Dose-Escalation Designs
Phase 1 trials must prioritize safety while attempting to maintain efficiency. A typical dose-escalation phase 1 study selects a safe starting dose based on preclinical data from in vitro and in vivo testing of the drug. Incremental dose increases for assigned patient cohorts occur until a prespecified end point is reached, which, in general, is the incidence of dose-limiting toxicities (DLTs). DLTs are severe but ideally reversible adverse events that occur within a protocol-defined period, usually the first cycle. Geographical variations in nomenclature for the final dose levels in phase 1 trials can be confusing. In Europe, the MTD is defined as the dose level in which an allowable frequency of DLTs has been exceeded, and the dose level immediately below is usually expanded to confirm that its incidence of DLTs is within an acceptable threshold. 9 If such is the case, then that penultimate dose level is considered the RP2D. In North America, the highest dose level reached, in most instances due to an unacceptable incidence of DLTs, is referred to as the maximum administered dose (MAD). The MTD is typically defined as the dose level immediately below the MAD and corresponds with the RP2D. 9 In the event that the MTD is not reached, other non-toxicity-based end points can be considered in order to recommend a dose, such as a pharmacodynamic (PD) marker of sufficient pathway inhibition of a putative molecular target.
Phase 1 trial designs are broadly divided into rule-or model-based methods. Rule-based methods utilize prespecified rules based on actual observations of target events (eg, DLT) from the clinical data to assign patients to dose levels and determine the MTD or RP2D. Model-based designs use a statistical estimation of the target toxicity level by depicting the dose-toxicity relationship. The model is used to assign patients to dose levels and define the MTD or RP2D. Safeguards are established in most model-based designs to limit escalation above the MTD and patient exposure to excessively toxic treatment doses. 4 The Table  2 ,4,10-18 outlines selected examples of these phase 1 trial designs.
The most commonly used rule-based design is the traditional 3 + 3 design, which guides "up-and-down" decisions, using the modified Fibonacci mathematical series to determine the amount of dose increase for cohorts of sequentially enrolled patients. The Fibonacci series ensures that dose increases are initially large but increments are smaller at higher dose levels ( Fig 1A) . 2 Newer trial designs have explored modifications of the process of dose escalation using statistical and empirical methods. 7 In an effort to expedite the dose-escalation process to more rapidly and efficiently determine the RP2D, accelerated titration designs have been proposed ( Fig  1B) . 4 Although they are not commonly used in clinical practice, these designs use single-patient cohorts for initial dose escalation until DLT or 2 moderate toxicities occur during the first treatment cycle. Following the initial acceleration phase, the traditional 3 + 3 design is applied, which theoretically reduces the number of patients treated at subtherapeutic doses. In this design, intrapatient dose escalation is permitted if no or minimal toxicities are observed. 4 Accelerated titration designs are still rule based, but they can incorporate model-based designs following the initial single-patient cohorts to create hybrid methods.
Interests in exploring nontoxicity end points have been fuelled by the observation that MTAs do not have the classical monotonic dose-toxicity curve as seen with cytotoxic chemotherapy. Therefore, escalating doses solely based on toxicity may not be the most appropriate strategy, and using alternative end points such as pharmacokinetic (PK) or PD data may be more appropriate for determining the optimal dose of these 
PGDE

Key Points
Requires real-time PK measurement and assessment for dose modification Assumes DLT can be predicted by plasma drug concentration PGDE 10 ( Fig 1C) Starting dose is determined by animal data as standard First cohort treated as standard with average AUC measured for this cohort Dose escalation occurs according to distance to target AUC either:
Initially by a factor equal to the square root of the ratio of the target AUC to the AUC associated with the initial dose and subsequently follow a Fibonacci scheme; OR Initially by a factor of 2 until AUC is 40% of target AUC and subsequently follows Fibonacci scheme Interpatient variability may limit dose escalation Differences between species used for dose estimation and humans may affect utility of method continued on page 203
agents. Robust preclinical data to support the use of these end points are imperative if such methodology is to be used. Pharmacokinetically guided dose escalation (PGDE) involves regular PK assessments to determine subsequent dose modifications ( Fig 1C) . 10 The main practical limiting factors of PGDE include interpatient variability and the need for timely PK analysis. 10 Where a PD end point of target inhibition is used, there must be a predefined target, available tumor tissue for testing, and a validated assay to determine and quantitate the extent of target inhibition. These are difficult criteria to meet, and the ability to reliably correlate PD readouts with clinical outcomes based on limited data further challenges the use of this strategy.
Model-based designs were developed to improve precision in estimating the RP2D as well as efficiency during dose escalation. Model-based designs establish a dose-toxicity curve prior to patient enrollment and then use toxicity data from enrolled patients and Bayesian statistical methods to modify and update this curve as the study proceeds. The first model-based method was the continual reassessment method (CRM). 2 Modifications to this design have been developed with the aim of improving safety and avoiding an overestimation of the MTD. These include modified CRM, 11,12 escalation with overdose control (Fig 1D) , 13 and the time-to-event continual reassessment method (TITE-CRM). 14 It has been suggested that model- Table. -Selected Examples of Trial Escalation Designs (continued)
Trial Design Method Comments
Model-Based Designs
Key Points
Establishes dose-toxicity curve prior to patient enrollment Uses toxicity data from enrolled patients to modify curve as study proceeds Requires good biostatistical support for constructing and updating dose-toxicity estimates CRM 17 A target level of toxicity defined at baseline. Increased dose levels defined with initial expectations of the probability of DLT at these doses to construct a statistical dose-toxicity model Single patient cohorts; fixed sample size With treatment of successive patients the statistical model is recalculated using Bayesian principles to update estimated probability of a DLT and increase certainty associated with dose-toxicity relationship Dose associated with the target DLT rate according to the final dose-toxicity model at trial completion is defined as the MTD If a patient experiences no toxicity, dose may be escalated to the next dose level for subsequent cycles Fractional dose-finding methods 16 May be applied to 3 + 3 design or CRM Time to toxicity modeled using Kaplan-Meier estimator. Mass of each censored observation redistributed to the right Censored observation is taken if patient has not experienced a DLT at the time of observation. Fractional contribution of each patient used in dose-escalation decisions May shorten duration of trial while maintaining accurate determination of RP2D AUC = area under the curve, CRM = continuous reassessment method, DLT = dose-limiting toxicity, EWOC = escalation with overdose control, MTA = molecularly targeted agent, MTD = maximum tolerated dose, mTPI = modified toxicity probability interval, PGDE = pharmacologically guided dose escalation, PK = pharmacokinetic, POM = proportional odds model, RP2D = recommended phase 2 dose, TITE = time to event.
based designs achieve better estimations of the target probability of a DLT at the RP2D while minimizing suboptimal dosing. 19 These designs require biostatistics expertise and adequate software for modeling.
By contrast to cytotoxic chemotherapy, which is generally delivered intermittently and for a predefined duration, MTAs are often continuously dosed until the development of resistance and, thus, chronic or late toxicity can emerge. Recently, model-based methods have been employed to incorporate these factors into dose-escalation decisions. The modified toxicity probability interval, 20 proportional odds model (POM), 21 mixed-effect POM, 15 and fractional dose-finding methods 16 utilize toxicity information from treated patients, including those who have not experienced a DLT at the time of observation, to accurately reflect the ongoing effects of the agents under investigation.
Phase 1 Design Elements
Critical aspects of a phase 1 study include the accurate determination of RP2D, a comprehensive assessment of toxicity, and efficiency in time to study completion, patient accrual, and logistical requirements. Study designs that can precisely determine RP2D and drug toxicity profile, shorten trial duration, subject fewer patients to subtherapeutic or overly toxic doses, and place fewer demands on clinical and trial resources are preferred. Drug Administration and their corresponding phase 1 studies, the registered doses of the drugs were within 20% of the RP2D in 73% (62 of 85) of the matched phase 1 trials. 22 An important caveat reported in this study was that phase 1 trials of MTAs performed poorly in predicting the registered dose to within 20% of the RP2D when compared with phase 1 trials of cytotoxic treatments (odds ratio = 0.2 [0.03-0.8], P = .025). 22 The type of dose escalation employed in these phase 1 studies was not reported, and uncertainty remains as to whether the registered dose is the optimal dose of drug. Furthermore, drugs that failed to achieve registration were not included; thus, their impact on the results is unknown.
Determining the Recommended Dose
The broad implication of this study is that, overall, phase 1 trials are reasonably accurate in predicting the correct RP2D in most -but not all -cases. Given that most phase 1 trials utilize the 3 + 3 design, it is plausible to extrapolate that these figures reflect the accuracy of this type of methodology in most instances. However, the lack of trial design details from this review renders it difficult to draw definitive conclusions. These empirical data contrast with the many statistical simulations that report the inaccuracy of the 3 + 3 method compared with novel rule-or model-based strategies.
11, 17, [23] [24] [25] [26] In a recent comparative simulation study of the modified toxicity probability interval and the 3 + 3 designs using matched sample sizes, the former was found to reliably select the true MTD in 32 out of 42 scenarios. 18 The reason for the discrepancy between empirical and statistical simulation data is unclear, but many factors can influence the RP2D that may not be incorporated into the simulation; in addition, computational modeling has its own set of limitations.
Rather than ascribing a particular escalation scheme as the most appropriate for all situations, it is more informative for clinical trialists to determine the contexts in which specific methods perform better or are more fit-for-purpose. A key principle of any phase 1 study is to escalate slowly in the face of toxicity and rapidly in the setting of minimal or no adverse events. In situations in which the toxicity of a drug is uncertain or preclinical testing suggests that the therapeutic window is narrow, then a conservative 3 + 3 escalation may be reasonable. By contrast, rapid escalation designs using either novel rule-or model-based schemes would be appropriate if the expected toxicity was low or high-quality preclinical data indicated a wide therapeutic index. Failing to accurately define the true RP2D of a drug may compromise further drug development by testing a subtherapeutic dose and schedule in phase 2 or 3 trials. Agents not successfully registered may be either intrinsically ineffective or not evaluated at the correct RP2D.
Determining the Relevant Toxicities
A critical assumption with the early-phase drug development of cytotoxic agents is that toxicity and efficacy monotonically increase with dose. In the era of MTAs, this assumption is challenged by the premise of differential target saturation of the drug in tumor versus normal tissue, whereby target blockade can become saturated in tumor, thus leading to a plateau of antitumor effect. However, toxicity may continue to rise with an increasing drug dose due to unsaturated targets in normal tissue. In addition, off-target effects may occur such that dosing to toxicity for MTAs may not be appropriate. Despite this, determining the toxicity level remains a critical goal in all phase 1 trials, regardless of the dose-escalation method. It has been reported that around 70% of all clinically significant adverse events are identified in the phase 1 study. 22 The probability of observing an adverse event related to a study drug is increased by using a larger sample size. A trial has a 90% chance of detecting an adverse event occurring in 5% of patients with a sample size of 57 patients, a rate that increases to 99% with 82 patients. 27 Increasing the sample size of a trial can be achieved by using prespecified expansion cohorts after the dose-escalation component of the trial is completed. Often referred to as a phase 1b or dose-expansion phase study, this part of the trial typically tests a particular dose and schedule, which may be restricted to a population of patients with specific tumor types, molecular aberrations, or some other criteria.
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Study Size, Timing, and Other Logistics Several factors can affect the efficiency of a phase 1 trial (eg, number of patients enrolled and the fraction of those treated at subtherapeutic doses, trial duration, number of dose levels tested). Statistical simulations have attempted to assess the efficiency of various dose-escalation designs. 28, 29 In a comparative simulation of 3 + 3 and CRMs, the latter treated fewer patients at subtherapeutic doses and, depending on the true MTD, required a smaller sample size than the 3 + 3 design. 31 However, real-world experience does not appear to demonstrate substantial differences in efficiency across dose-escalation methods, possibly because of neutralization by other factors. In a retrospective review of 81 trials evaluating 60 MTAs, the ratio of MTD or MAD to starting dose was calculated for each trial and compared with the number of dose levels tested. 32 Trials with a high MTD or MAD to starting dose ratio (presumably representing trials of agents with wider therapeutic indices) versus those with a low ratio (presumably representing trials of agents with narrower therapeutic indices) had similar numbers of tested dose levels. This phenomenon was not explained by the use of different dose-escalation methods. Instead, it appears that higher increments between dose levels were selected for agents deemed to have wide therapeutic indices based on preclinical data, regardless of the dose-escalation method used. 32 Furthermore, in a review of 84 phase 1 trials of MTAs from 2000 to 2010, trial size and the number of patients treated at doses below MTD were similar across 3 + 3, accelerated titration, and CRM designs. 33 One criticism of the conventional 3 + 3 design is that the escalation is unnecessarily slow, thus prolonging the duration of the trial. 4 Similar complaints have been leveled at the CRM, because results from the last patient are required to dose subsequent patients. 11 Modifications to CRM and accelerated titration designs have sought to address these concerns, and simulations have demonstrated that they speed up the completion of a phase 1 study but also provide more information. 4 However, clinical data to substantiate these simulations are sparse.
It is important to recognize that the 3 + 3 method does not require statistical software support or modeling, and it is widely acknowledged as being uncomplicated and safe to implement. 6 Processes underlying model-based designs are often perceived by clinicians as being nontransparent. 34 Furthermore, the software that these systems utilize is often considered difficult for those who are not technically inclined. 34 Although adaptations to these models have been suggested, such logistical barriers may limit their widespread implementation in phase 1 studies.
Challenges to Phase 1 Designs
Delayed or Chronic Toxicities
Many MTAs or biological agents are chronically administered as either continuous oral or frequent intravenous doses, thus predisposing patients to delayed or chronic toxicities. These cumulative adverse events can affect the tolerability of the drug and should be considered when recommending a phase 2 dose. Assessing for DLTs in the initial cycle or first few weeks of treatment will not account for late or cumulative adverse events. In a retrospective review of 36 phase 1 trials of MTAs, approximately one-half of severe toxicities occur after cycle 1. 35 In an initiative to redefine criteria for determining the DLT, adverse events from more than 2,000 patients, representing 54 monotherapy MTA studies, concluded that 49.5% of patients experienced their first grade 3 or higher toxicity after cycle 1, and a significant proportion of patients required a dose reduction for selected grade 2 or lower events as early as cycle 1. 36 Several designs have been proposed to account for chronic adverse events, including TITE-CRM, mixed-effect POM, and fractional dose-finding methods. 15, 16 These latter designs have been tested in statistical simulations but have not been widely applied in clinical trials. In studies of drugs with delayed toxicities, the TITE-CRM and 3 + 3 design were compared utilizing the Monte Carlo simulation. 37 The former was reported to result in trials of shorter length and a higher number of patients treated at or around the MTD. When the TITE-CRM was incorporated into 2 phase 1 studies of concurrent chemoradiotherapy for pancreatic cancer, these trials failed to reproduce the predicted methodological benefits, supporting the notion that all designs must be implemented into actual trials before their alleged advantages can be accepted. 38, 39 Nontoxicity End Points and Optimal Biological Dosing Some MTAs have different dose-effect relationships than traditional cytotoxics; therefore, dosing these agents to toxicity may not be appropriate. In a review of 24 phase 1 trials of MTAs, 683 patients were retrospectively assigned to a cohort based on a comparative dose to the MTD (low [≤ 25% MTD], medium [25%-75% MTD], or high [≥ 75% MTD]), and their outcomes were compared. 40 No significant difference in response rate or survival was seen across the cohorts, implying that these agents have a nonmonotonic dose-efficacy curve. Under this assumption, escalating doses until predefined PK or PD parameters demonstrate when a target is saturated, or when a biological pathway is maximally altered, would be an alternative to the traditional toxicity end point. This type of strategy has been termed optimal biological dosing (OBD) and is defined as the dose that produces the most favorable prespecified effect on a biomarker. However, toxicity remains the predominant end point as evidenced by several reviews of phase 1 trials, which have reported that the proportion of studies using nontoxicity end points ranges from 24% to 48%. 6, 7, 22 Because the 3 + 3 design typically uses toxicity to guide dose escalation, it is unlikely that such a design would be optimized to ascertain the OBD. The use of real-time PK monitoring in the PGDE method makes it an appealing strategy to determine the OBD. Several adaptive dose-finding designs have been proposed to identify the OBD. The nonparametric and semi-parametric methods have been proven to have the best operating characteristics via computational testing and are recommended for use. 41 However, to date, no trial reporting an OBD has utilized either adaptive methodology. Given the enthusiasm surrounding OBD, it is anticipated that more trials utilizing novel trial designs will emerge, providing a deeper understanding of which escalation methods are the most appropriate.
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Combination Therapy
The development of treatment resistance has long been recognized with cytotoxic therapies. To circumvent this phenomenon, combination chemotherapy regimens with non-cross-reactive compounds, administered either concurrently or sequentially, were tested. 43 This rationale also forms the basis for testing MTA combinations. Several unbiased genome sequencing studies have shown that many tumors have a complex molecular profile of low frequency mutations. 44 Single-agent MTAs have a limited benefit in patients with advanced cancer, with progressive disease eventually developing in all patients, even among those with significant or prolonged responses. 45 Complex tumor biology implicates the involvement of multiple interconnected signalling networks that drive cancer initiation and metastasis.
46,47 Thus, rationally designed combination MTA therapy is an attractive strategy to prevent -or, at the very least, delay -the emergence of treatment resistance by perturbing multiple cellular networks, potentially thwarting the development of molecular escape pathways. 45 Major concerns in administering these combination regimens include the cumulative impact of overlapping toxicities, the potentiation of adverse events due to drug-drug interactions, and the occurrence of unexpected adverse events. 48, 49 As with delayed toxicities and OBD, no single dose-escalation method has proven to be superior for evaluating combination regimens in clinical testing. Combination studies are more complex because a number of schedules may be recommended, and different schedules can produce the same level of toxicity. These types of trials often have RP2D and toxicity information from the monotherapy phase 1 trials of each agent that can be utilized by either rule-or model-based designs, possibly improving the efficiency of the trial. However, preclinical data describing PK or PD interactions or potential synergy with regard to antitumor activity or toxicity may be lacking. Given that the MTD of each drug in the combination is known, it is unlikely that either rule-or model-based designs will escalate patients to overly toxic dose levels. The challenge facing both types of designs is the optimal method by which to escalate each drug. Careful selection of starting doses and subsequent dose levels is crucial, regardless of the escalation method. In rule-based methods, the agents can be escalated to prespecified doses either sequentially, in parallel, or with one drug fixed at either a high or low dose while the other is increased toward the RP2D. The zone method illustrates a rule-based escalation method in which consecutive dosing zones are comprised of sequentially increasing dose combinations and patients are randomized to these preset doses within an individual zone and escalation decisions are made using a modified 3 + 3 method. 50 These dose levels are then compared and the combinations that are either too toxic or unlikely to be efficacious are eliminated. Statistical simulations have reported that this design requires a smaller sample size, has better power, and patients are more likely to be treated at efficacious doses compared with conventional escalation methods. 50 Various Bayesian parametric models have been designed and they purport to recommend a more accurate dose and schedule for combination regimens. [51] [52] [53] As with monotherapy trials, the escalation method selected for these types of studies should be individualized and guided by the anticipated level of toxicity from the combination.
Conclusion
This article is neither a defense nor homage to the standard 3 + 3 design, but rather it is a review of the clinical evidence. The conventional escalation method is slow, inaccurate in recommending doses, and enrolls a significant proportion of patients at subtherapeutic doses. However, sparse empirical data exist to support or refute the assertion that any one trial design is superior to another. The evidence from this review suggests that the 3 + 3 design identifies the recommended phase 2 dose and toxicities with an acceptable level of precision in some circumstances, while being straightforward to operate with few logistical demands. Newer escalation methods have had limited incorporation into the clinical trial setting and, consequently, have had little opportunity to demonstrate favorable clinical application beyond statistical simulations. Although such designs may have clinical utility, simulations performed under ideal circumstances may not reflect the true clinical reality in which, for example, protocol deviations for dose escalations are permitted due to specific patient-, institutional-, or treatment-related factors. Thus, novel trial designs demonstrating superiority over the 3 + 3 method in statistical simulations without corroborating clinical evidence are of theoretical value alone.
Following the explosion of molecularly targeted agents under investigation, delayed toxicities, optimal dosing, and combination treatments have presented challenges to the design of phase 1 trials. Time-toevent designs may be the most suitable for testing agents with delayed or chronic toxicities; however, recently proposed designs, such as the mixed-effect proportional odds model, may prove appropriate with clinical experience. The pharmacokinetically guided dose-escalation scheme is a strategy that may account for optimal biological dosing, although the ability to confidently define optimal biological activity in the phase 1 setting remains elusive. A study of an investigational drug or combination with an uncertain or high probability of producing serious adverse events should adopt a conservative escalation scheme such as the 3 + 3 design. By contrast, studies of agents predicted to have less toxicity can be quickly escalated with either an accelerated titration-or model-based design until an acceptable toxicity range is reached. Regardless of the type of agent or setting, the guiding principles of safe starting dose selection, minimizing the number of patients treated at subtherapeutic doses, rapid escalation in the absence of toxicity, and slow escalation in the presence of adverse events will ensure the sound design of any phase 1 trial. Therefore, although the 3 + 3 design may not be the best in all circumstances, in this context it should not be abandoned and may still have a place in the design of phase 1 studies.
